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These observations have led us to propose that drugs MOR contributes to the development of tolerance and withdrawal, then molecular events that reduce this prowith high RAVE values, such as morphine, have an enhanced propensity to produce the adverse effects assolonged signaling, such as desensitization and endocytosis, would reduce the development of these side effects. ciated with prolonged drug exposure, precisely because (Figure 1a ). Dimerizareport that opioid receptors can oligomerize in our cell tion did not appear to be ligand-dependent (Figure 1a) . culture system and affect trafficking of the receptors. (Figure 1c) . We called this phenomenon "dragging" because it appeared that the D MORs could drag the MORs into the cell in response to morphine, presumably because these receptors were making heterodimers (Figure 1a) .
Consistent with this hypothesis, we have recently dem-

The D MOR Affects MOR Trafficking in Cultured Neurons
To ensure that this phenomenon was not an artifact of the HEK 293 cell model, we examined whether dragging also occurred in cultured neurons. Hippocampal neuron cultures were prepared from rat and were allowed to mature for three weeks. Cultures were then transfected with FLAG-MOR alone, HA-D MOR alone, or both recep- differentiate between these possibilities, we examined whether an unrelated GPCR, the ␤-2 adrenergic receptor (B2AR), when activated, could facilitate the heterologous endocytosis of the morphine-activated MOR. HEK 293 cells were generated that stably expressed both the FLAG-tagged MOR and an HA-tagged B2AR. Cells were incubated with antibodies to both epitope tags to label cell surface receptors, treated with various agonists or agonist combinations, then stained for both receptors. Both receptors were expressed primarily on the cell surface in the absence of agonist (Figure 4a ). As expected, DAMGO promoted endocytosis of the MOR but not B2AR (Figure 4b ), while the B2AR receptor agonist isoproterenol (iso) promoted B2AR receptor but not MOR endocytosis (Figure 4c ). In the presence of both agonists, both receptors were efficiently internal- The precise mechanism whereby a small number of DAMGO-occupied receptors facilitate endocytosis of the morphine-activated receptors remains an intriguing quesducing the RAVE value of morphine and reducing the tion, and one that we are actively pursuing. Nevertheless, compensatory adaptive cellular changes that lead to knowing the mechanism by which this dragging is accomupregulation of the cAMP pathway, at least in a cell plished was not necessary for us to assess the functional culture model. Importantly, these observations allowed consequences of "dragging by pharmacology." us to design experiments to examine the role of receptor endocytosis in the development of tolerance in an intact animal. Taken together, these data demonstrate that a secassay (Figure 6a) , were primarily on the cell membrane (Figure 6b, upper right panel) . ond, endocytosis-promoting agonist can facilitate morphine-induced receptor endocytosis, consequently reWe next assessed whether we could facilitate mor- (Figure 7b, open squares) . Rats receiving the same dose of morphine through their minipumps and in the spinal cord neurons of the rats with a morphine mini pump who received twice daily injection of 0.01 also receiving twice daily injection of 0.01 nmoles of DAMGO through their catheters showed antinociception nmoles DAMGO were distributed not only on the plasma membrane but also within intracellular compartments, on day 1 comparable to that in the rats receiving saline injections. However, remarkably, these rats did not desuggesting that MORs in these rats were undergoing endocytosis in response to a low dose of DAMGO in velop tolerance to morphine during the seven days of this experiment (Figure 7b, closed squares) . combination with chronic morphine. Taken together, these results imply that a subanalgesic dose of a MOR We hypothesized that the failure of the rats receiving both morphine and DAMGO to develop tolerance was agonist that promotes receptor endocytosis can facilitate the endocytosis of morphine-activated receptors in a reflection of the ability of a low dose of DAMGO to alter the RAVE value of morphine by stimulating receptor the cell, thereby decreasing the RAVE value of morphine and reducing the development of tolerance. actually produce less tolerance than morphine alone.
DAMGO Reduces Morphine-Induced cAMP Superactivation
Preparation and Implantation of Intrathecal (IT) Catheters Experimental Procedures
Catheter implantation Antinociception Test mM NaCl, 2 mM MgCl, 1 mM CaCl, 0.5% n-dodecyl-␤-D-maltoside).
Rats were tested for antinociception using the radiant heat tail-flick Lysate was cleared by centrifugation at 10,000 rpm for 10 min at procedure. The light intensity was adjusted to achieve base-line 4ЊC, and cleared lysate was immunoprecipitated with 40 l M2-latencies of 1.5 to 2 s; a maximum latency of 6 s was set as the conjugated sepharose (Covance) overnight at 4ЊC. Immunoprecipicutoff time to minimize damage to the tail. For the morphine alone tates were extensively washed with NDM buffer followed by 2 group and the saline controls, the animals were tested by tail-flick washes with 10 mM Tris (pH 7.5). Receptors were deglycosylated once a day for 7 days following implantation of the mini-osmotic with PNGase (NEB) in 10 mM Tris (pH 7.5) for 2 hr at 37ЊC, denatured pump. For the morphine plus DAMGO and morphine plus saline with SDS sample buffer, and resolved by SDS-PAGE. Blots were groups, following mini pump implantation, rats were administrated blocked in Blotto, incubated with a biotinylated M2 anti FLAG anti-DAMGO or saline via the other arm of the Y-shape catheter twice body (1:250, Covance) for 2 hr, and developed with streptavidin a day for 7 days at 9:00 AM and 4:30 PM. Antinociception was tested overlay using ABC reagents (Vector laboratories) and ECL reagents by tail-flick 30 min after the afternoon administration. The behavioral (Amersham) as a control, or incubated with HA-11 antibody (1:1000 data of antinociception were compared and statistically analyzed Covance) for 2 hr and HRP-conjugated Goat anti mouse (1:3000, by two-way analysis of variance followed by Bonferroni post-test, Jackson Immunoresearch) for 1 hr and developed with ECL reagents where P Ͻ 0.05 was considered significant. to detect oligomers.
Immunohistochemistry
CRE-Luciferase Reporter Expression Assays
The rats were anesthetized with intramuscular ketamine hydrochloCells were grown to confluency in 24 well plates. For acute experiride (80 mg/kg) and xylazine hydrochloride (12 mg/kg) and perfused ments, cells were given drug for 4 hr and the fold inhibition of forskolinwith 4% paraformaldehyde in 0.1 M phosphate buffer immediately stimulated luciferase activity measured. For chronic treatment experifollowing the tail-flick test at day 7 following pump implantation. ments, cells were given drug for 14 hr, rinsed 3 times in drug-free
The segment of spinal cord proximal to the tip of the catheter was media to initiate a withdrawal phase, then given 2 M forskolin for the dissected out, post-fixed overnight in the same fixative, and then 4 hr withdrawal phase, and luciferase activity measured. 14 hr was transferred to a 30% sucrose buffer solution. Sagittal sections ( Immunoresearch) both at a 1:600 dilution for 2 hr at room temperature. The sections were then washed and mounted on slides. MOR distribution was examined with a Zeiss confocal microscope using Animals Male Sprague-Dawley rats (250-300 g, Simonsen Laboratories, Inc., a 60ϫ oil immersion objective. For quantification, slides from at least two different rats for each condition were stained by one reGilroy, CA) were housed individually in temperature-controlled rooms with a 12 hr light/dark cycle. Food and water were available searcher and encoded, and vesicles were counted blind by a second individual from the middle section of at least 8 cells per condition. ad libitum. All procedures used in this study were in agreement with the NIH Guide for the Care and Use of Laboratory Animals and were Following compilation of vesicle counts, the code was broken.
